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Tripolar Cuff Electrodes

Andreas Demosthenous, Member, IEEE, and Iasonas F. Triantis, Student Member, IEEE

Abstract—Electroneurogram (ENG) recording from tripolar
cuff electrodes is affected by interference signals, mostly gener-
ated by muscles nearby. Interference reduction may be achieved
by suitably designed amplifiers such as the true-tripole and
quasi-tripole systems. However, in practice their performance is
severely degraded by cuff imbalance, resulting in very low output
signal-to-interference ratios. Although some improvement may be
offered by post filtering, this considerably increases complexity,
size and power dissipation, rendering the approach unsuitable for
the development of a high-performance ENG recording system
which is fully implantable. This paper describes an integrated,
fully implantable, adaptive ENG amplifier developed to auto-
matically compensate for cuff imbalance, and thus significantly
improve the quality of the recorded ENG. Measured results
show that the adaptive ENG amplifier has a yield of 100%, a
cuff imbalance correction range of more than 40%, and an
output signal-to-interference ratio of about 2/1 (6 dB) even for

40% imbalance. The latter should be compared with an input
signal-to-interference ratio of 1/500 ( 54 dB). The circuit was
fabricated in 0.8- m BiCMOS technology, has a core area of
0.68 mm2, and dissipates 7.2 mW from 2.5 V power supplies.
The adaptive ENG amplifier advances the state-of-the-art in
implantable tripolar nerve cuff electrode recording techniques.

Index Terms—Analog integrated circuits, cuff imbalance, ENG
amplifier, implanted devices, tripolar cuff electrodes.

I. INTRODUCTION

E LECTRONEUROGRAM (ENG) recording techniques for
peripheral nerves using cuff electrodes offer a noninva-

sive way of obtaining information regarding nerve operation
[1]. In the case of spinal cord injury this information can be
used for the improvement of implanted devices used for reha-
bilitation. Monitoring nerve operation allows some level of in-
tervention by means of functional electrical stimulation for par-
tial control of organs suffering from paralysis and for blockage
of unwanted sensory and/or motor signals. Applications that
have been investigated include the correction of foot-drop, stim-
ulating hand-grasp, and controlling the urinary bladder after
spinal cord injury [2]–[4].

Recording ENG effectively is not a trivial task, as the micro-
volt-order (typically 1–5 V) nerve signals are often obscured
by the millivolt-order (typically 1 mV) electromyogram (EMG)
from muscles nearby and by noise, notably white noise from
the interstitial fluid and from the electrode–tissue interface [5],
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[6]. Furthermore, the spectra of the two signals overlap con-
siderably, making separation by means of filtering very diffi-
cult [7]; the ENG has an energy in the 500 Hz–10 kHz band
with maximum power around 1 kHz, while the EMG lies in the
1 Hz–3 kHz band and peaks at about 250 Hz [6]. Various ENG
amplifier configurations make use of the properties of the cuff
electrodes, mainly the linearization of the EMG potential field
inside the cuff [8]. Improved performance in terms of EMG re-
duction is offered by tripolar cuffs (i.e., cuffs with three equally
spaced ring electrodes embedded in the inside wall [1]). Due
to this linearization, the EMG potential differences between the
central electrode and the outer electrodes are equal and opposite
and can be cancelled by a differential amplifier arrangement.
By contrast, the ENG signal does not cancel in this way and
can be recovered. The amplifiers used with tripolar cuffs are the
quasi-tripole (QT) [1], [6] and true-tripole (TT) [9]. However,
EMG reduction in these systems is affected by the departure of
the cuff–tissue interface from its ideal model, caused by factors
like cuff asymmetry and tissue growth inside it after implanta-
tion, resulting in cuff imbalance as explained in more detail in
Section II.

To automatically compensate for the possible presence of cuff
imbalance, and thus minimize EMG artifacts in nerve cuff elec-
trode recording, an adaptive version of the TT, termed the adap-
tive-tripole (AT), has been proposed [10] and its first integrated
realization was reported in [11]. However, the realization in [11]
showed poor performance in terms of output signal-to-interfer-
ence ratio (SIR),1 harmonic distortion, cuff imbalance correc-
tion range, and yield. This paper describes an improved realiza-
tion of the AT which overcomes all the limitations of the first
design. These enhancements were necessary in order to make
the system fully implantable for the targeted biomedical appli-
cation (i.e., bladder implant). The adaptive ENG amplifier to be
described has a chip yield of 100%, a cuff imbalance correc-
tion range of more than 40%, and an output SIR of no less
than 2 dB even for 40% imbalance. The circuit was fabricated
in 0.8- m BiCMOS technology, occupies 0.68 mm , and dissi-
pates 7.2 mW from 2.5 V power supplies.

The remaining sections of this paper are organized as fol-
lows. In Section II, the basic principles of ENG recording
from tripolar cuff electrodes are briefly reviewed. Section III
describes the AT architecture and examines the effect of phase
errors on system performance. Section IV describes the circuit
design of the various building blocks, while measured results
are presented in Section V. Finally, conclusions are drawn in
Section VI.

1SIR refers to the ratio of the peak amplitude of the ENG signal over that of
the EMG signal.
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Fig. 1. Lumped-impedance model of the cuff and idealized ENG and EMG
potentials inside the cuff [6], [12]. Typical impedance values: Z = 200 
,
Z = 1:25 k
, Z = 1 k
.

Fig. 2. Tripolar ENG amplifier configurations. (a) Quasi-tripole (QT).
(b) True-tripole (TT).

II. PRINCIPLES OF TRIPOLAR CUFF ELECTRODE RECORDING

The ENG signal results from the action potentials propa-
gating along the nerve fibers, which cause small action currents
to flow through the fiber membranes into the extrafascicular
medium [5]. Confinement within an insulating cuff causes the
local impedance to be higher than outside the cuff, so that the
action currents give rise to measurable potentials between the
cuff electrodes. Simply stated, the nerve is an insulator, while
the space between the nerve bundle and the cuff is filled with
connective tissue and/or conducting fluid.

A very important function of the cuff is that, as a uniform
insulating tube, any externally applied potential differences be-
tween the ends will produce a linear gradient inside [8]. This
linearization effect is depicted in Fig. 1 in the basic electrical
lumped-impedance model of the cuff [6], [12]. In this model,

and represent the tissue impedances inside the cuff,
is the tissue impedance outside the cuff, , , and are
the electrode–tissue contact impedances, is the inter-
fering EMG current that flows inside the cuff, and is
the ENG voltage. At the frequencies of interest, the impedances
may be regarded as purely resistive with typical values listed in
the caption of Fig. 1. The EMG potentials across nodes ab and
cb in Fig. 1 appear as anti-phase while the respective ENG po-
tentials appear in-phase. Given the linear gradient of the EMG
potential inside the cuff and equally spaced tripolar electrodes,
the residual EMG at the output from either the QT or TT am-
plifier configurations (Fig. 2) will ideally be zero. However, in
practice and are subject to uneven variations which de-
stroy the tripolar cuff symmetry, resulting in cuff imbalance, de-
fined as

(1)

Fig. 3. Adaptive-tripole (AT) architecture.

The two main reasons for the variations in and are
inhomogeneous tissue growth inside the cuff after implantation
and manufacturing tolerances in positioning of the electrodes
[10]. Secondary reasons affecting cuff imbalance include the po-
sition of the EMG source relative to the cuff [13]. Although the
ENG signal recorded with the TT is about twice that recorded
with the QT, the TT is much more sensitive to mismatch in
and than the QT. On the other hand, the QT, unlike the TT, is
very sensitive to mismatches in , and . In the case of
the TT, assuming unity gain for the output amplifier ( ),
the residual EMG at its output is [14]

(2)

where and are the gains of the input differential ampli-
fiers in Fig. 2(b). However, note that the term on the right-hand
side of (2) can be made zero by adjusting and to com-
pensate for any mismatch between and (this approach
cannot be used with the QT). An automatic adjustment of the
two amplifier gains is realized by the AT, which is described in
Section III.

III. ADAPTIVE TRIPOLE ARCHITECTURE

A. System Description

The block diagram of the AT implementation described
in this paper is shown in Fig. 3. The system consists of two
voltage preamplifiers, each with a fixed gain , providing a very
low-noise interface with the cuff electrodes. The preamplifiers
are followed by two operational transconductance amplifiers
(OTAs) with variable gains and , controlled by the
differential feedback currents and . The control
stage operates by first obtaining the moduli of the currents at the
output of the variable-gain OTAs and applying them to a current
comparator to establish which is the largest. The comparator
voltage output is subsequently applied to a large time-constant
integrator which generates and . The variable-gain
OTAs counterbalance the presence of cuff imbalance, ideally by
equalizing the amplitudes of the EMG signals at their outputs.
As a result, when the output signals of the OTAs are summed at
the input of the output-stage amplifier (gain ), the equal and
anti-phase EMG signals from the two channels are cancelled,
and the in-phase ENG signals are added and further amplified.

B. Sensitivity to Phase Errors

The AT achieves optimum artifact reduction when the EMG
terms at the inputs of the output-stage amplifier (Fig. 3) are



414 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 40, NO. 2, FEBRUARY 2005

exactly anti-phase. However, the use of ac coupling2 in the
preamplifiers for dc offset cancellation (see Section IV-A) will,
in the case of mismatched filters, introduce additional phase
shifts between the composite signals and in Fig. 3.
The phase shifts will be more pronounced on the EMG as its
frequency spectrum peaks at much lower frequencies than the
ENG [6]. Even if there is some phase shift between the ENG
terms of and , it will still be possible to detect neural
activity in the relevant nerve bundles.

Based on the above, it is desirable to establish the maximum
tolerable phase mismatch between two first-order high-pass
filters to achieve an output SIR of no less than unity. Assuming
sinusoidal signals and a phase shift between the EMG
term in relative to that in , then with reference to the
cuff model in Fig. 1 and for , and are
given by

(3)

(4)

where and are the voltage amplitudes of
and in Fig. 1, re-
spectively, and and their respective frequencies. Further-
more, assuming that and in Fig. 3 have settled to
their final values for a given , such that

(5)

where is the mean gain of each variable-gain OTA, the AT
output is given by

(6)

which using standard trigonometric identities modifies to

(7)

where is the phase shift of
the residual output EMG relative to the input EMG (i.e., seen at
the electrodes). Thus, if , the AT will (ideally) eliminate
EMG. However, if , the amplitude of the residual output

2In an implantable ENG amplifier, ac coupling realized byRC high-pass fil-
ters is also included in series with the cuff electrodes to prevent dc currents
flowing through the tissue which would cause electrolysis, and to cancel dc off-
sets stemming from the electrodes [15]. However, since passive components are
usually used for such filters, their cut-off frequency can be made extremely low,
thereby minimizing the possibility of phase shifts.

EMG will depend on . From (7), the output SIR can be defined
as

(8)

Thus, in radians can be calculated by

(9)

where . For example, if ,
, and , then .

This can be converted to an error term for the maximum
tolerable component mismatch of two first-order high-pass
filters. Since the ENG does not exhibit very low-frequency
components, a low-end ENG amplifier bandwidth of 100 Hz is
usually realized [6]. The worst case for a cut-off frequency
of 100 Hz is when the EMG frequency is also 100 Hz, giving

between the two product values. It should be
noted that although a mismatch between the 3-dB frequency
of the two filters will also introduce magnitude errors, these
will be seen by the control stage of the AT as cuff imbalance
and corrected.

IV. CIRCUIT DESIGN

A. Low-Noise Preamplifiers

The preamplifiers, being the front-end interface with the cuff
electrodes, are required to exhibit very low-noise performance
and have reasonable voltage gain (about 40 dB), so that low
noise is not a concern for the design of the subsequent system
stages. The exact gain of the preamplifiers is not important be-
cause any gain mismatch between them will be compensated for
by the control stage of the AT. Thus, a simple feedforward archi-
tecture was employed as depicted in Fig. 4, thereby avoiding the
complexity and noise of feedback networks. Noise optimization
of the preamplifiers was explicitly described in [16], where it
was shown that in order to achieve the required noise specifica-
tion with minimum die area and power dissipation, the input dif-
ferential pair transistors Q1 and Q2 in Fig. 4 should be bipolar.
Because of this requirement, the complete adaptive ENG am-
plifier was implemented in BiCMOS technology, although the
control stage utilizes MOS transistors only.

The preamplifier circuit in Fig. 4 consists of a simple
BiCMOS OTA (Q1, Q2, M1, and M2) terminated in the load
resistor (40 k , is a dc voltage source of 0.75 V),
followed by a first-order bandpass filter, which restricts the
bandwidth to about 100 Hz–10 kHz. The upper cut-off fre-
quency is obtained by the combination of resistor (500 k )
and capacitor (27 pF), while the lower cut-off frequency is
obtained by capacitor (80 pF) with the series combination
of transistors M6 and M7, the latter transistor pair forming a
high value (20 M ) grounded linear active resistor. In addition
to eliminating low frequencies below the ENG passband, the
high-pass section of the bandpass filter also removes some of
the low-frequency flicker ( ) noise voltage tail and ensures a
dc offset-free preamplifier output. The ac coupling mechanism



DEMOSTHENOUS AND TRIANTIS: ADAPTIVE ENG AMPLIFIER FOR TRIPOLAR CUFF ELECTRODES 415

Fig. 4. Preamplifier circuit.

is very important since the succeeding variable-gain OTAs are
driven single-ended, and thus, the presence of dc offset voltages
( 1 mV) at their inputs would severely degrade the output SIR.
By appropriate scaling of the aspect ratios of M6 and M7, a high
value resistance is obtained with a maximum nonlinearity of
0.25% for a signal swing of 85 mV. The dc bias voltages of
M6 and M7 are provided by the diode-connected transistors M8
and M9, respectively, which are in turn biased by the dc current
sources and .

As the base current of Q1 and Q2 cannot be supplied by the
input interface, this was generated on-chip as shown in Fig. 4.
Essentially, Q3 generates a replica of the base currents of Q1 and
Q2, which is fed into the pMOS current mirror M3–M5 whose
outputs feed the bases of Q1 and Q2, respectively. The base of
Q4 is connected to ground to ensure that the emitter voltage of
Q3 is at the appropriate level. Furthermore, the collector of Q3
is connected to to mimic as far as possible the dc condi-
tions of Q1 and Q2 (the residual input dc base current is about
30 nA). The area of M4 and M5 were carefully chosen so that for
an 800-nA drain current, their noise contribution is negligible.
The bias currents for the OTA and the base current reduction
circuits are provided by the dc current sources . The value of

was appropriately selected so that the input-referred r.m.s.
noise voltage of the preamplifier is 290 nV (noise bandwidth of
1 Hz–15 kHz). Both preamplifiers share the same current reduc-
tion and biasing circuits.

It should be noted that the preamplifiers could also be real-
ized in CMOS technology by using the available paracitic lateral
bipolar transistors. However, due to the poor matching of such
devices, a larger die area and greater power dissipation would
be required to meet the noise specification.

B. Variable-Gain OTAs

The composite signal at the input to each AT channel consists
of EMG and ENG components with nominal peak–peak swing
after preamplification of around 50 mV (for ) and

100 V, respectively. The control stage is required to have suf-
ficient gain to amplify the ENG to a reasonable amplitude (i.e.,

20 mV) and also sufficient linearity to accommodate the EMG

Fig. 5. Variable-gain OTA circuit.

signal. The decision to use an OTA to implement each vari-
able-gain stage was based on the following two reasons: 1) using
an OTA, variable-gain capability can be very simply achieved by
changing its tail current, and 2) the output current signal from an
OTA simplifies the design of the subsequent full-wave rectifiers
and current comparator circuits. The basic requirement is that
each variable-gain OTA must have enough linear gain range to
allow even for extreme 40% as suggested in [13].

Although the nominal signal swing after preamplification
with 40% is expected to be about 70 mV, the linear
input range of each variable-gain OTA was set to 85 mV
to allow for some variation in the nominal EMG amplitude
picked-up from the cuff electrodes. The variable-gain OTA was
designed for operation in strong inversion and its simplified
schematic is shown in Fig. 5. The circuit essentially consists of
a symmetrical simple CMOS OTA (input transistors M1 and
M2) with current mirrors M3–M10 of unity current ratio which
in practice were regulated cascodes [17]. The gain of the OTA
is controlled by the feedback current , and the circuit has two
current outputs, and , each connecting to the input of a
full-wave rectifier or to the input of the output-stage amplifier.
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Fig. 6. Two full-wave rectifier circuits.

Assuming matched transistors and neglecting channel length
modulation, each output current of the OTA in Fig. 5 is given by
[18]

(10)

where is the input voltage, is the transcon-
ductance parameter, and are the channel width and length
of the input transistors, is the carrier mobility, and is
the gate oxide capacitance per unit area. The relationship be-
tween transconductance and can be obtained by taking
the derivative of (10) with respect to , yielding

(11)

For , the OTA transconductance simplifies to

(12)

where is the small-signal transconductance of transistors
M1 and M2 in Fig. 5 and is the mean (dc) value of .
Furthermore, in order to maintain less than 1% nonlinearity, it
is required that

(13)

Given the nature of the signals after preamplification as dis-
cussed and aiming for an output-stage transimpedance gain of
about 500 k , a mean value for of 185 A V was chosen.
Thus, for 85 mV, (12) and (13) can be solved for suitable
values of and .

Fig. 7. Comparator circuit.

C. Full-Wave Current Rectifiers

The two full-wave rectifiers shown in Fig. 3 were realized
by the current-mode circuit in Fig. 6. The upper rectifier (M1,
M2, M5, M6) operates on current stemming from OTA ,
while the lower rectifier (M3, M4, M7, M8) operates on current

stemming from OTA . The core of each current rectifier
are the complementary transistors M1, M2 (upper rectifier) and
M3, M4 (lower rectifier), each transistor performing half-wave
precision current rectification [19]. During positive excursions
of and , M1 and M4 are turned on and M2 and M3 are
turned off. Thus, the drain currents of M1 and M4 equal and

, respectively, while that of M2 and M3 are zero. During neg-
ative excursions of and , M2 and M3 are turned on and
M1 and M4 are turned off. In this mode the drain currents of
M2 and M3 equal and , respectively, while that of M1
and M4 are zero. For the upper rectifier, full-wave rectification
is obtained by mirroring the drain current of M2 through the
unity-gain pMOS current mirror M5, M6 and adding the mirror
output to the drain current of M1. Similarly for the lower rec-
tifier, full-wave rectification is obtained by mirroring the drain
current of M4 through the unity-gain nMOS current mirror M7,
M8 and adding the mirror output to the drain current of M3.
In practice both current mirrors were realized by regulated cas-
codes [17]. The addition of the various drain currents is done at
the input node of the current comparator, resulting in the output
current as indicated in Fig. 6. Although a consid-
erable voltage drop of about 2 V is generated at the input node
of each rectifier, the use of regulated cascode mirrors with long
transistors in the variable-gain OTAs, ensures that and
are not degraded by channel length modulation.

D. Current Comparator

The output currents from the two full-wave rectifiers are
summed at the input of the current comparator circuit [20]
shown in Fig. 7 to form current . The comparator uses a
CMOS inverter (M3, M4) to apply negative feedback around a
class-B voltage buffer (M1, M2). As a result of the feedback,
the comparator input has a low-impedance (in general) and
is thus ideal for determining the polarity of . On the other
hand, the output of the inverter does not swing between the
power supplies and so some static power dissipation is present.
Fortunately, since in this application low-speed operation is
required, the inverter transistors can be scaled to minimize
power dissipation. The buffer transistors have zero dc power
dissipation.
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Fig. 8. Large time-constant integrator circuit.

E. Large Time-Constant Integrator

Because of the nature of cuff imbalance variations as dis-
cussed in Section II, the integrator time-constant should be as
large as possible. System level simulations have shown that a
time-constant of about 1 s is required for this application. The
integrator schematic is shown in Fig. 8. The circuit comprises
three stages. The first stage, consisting of the simple CMOS
OTA (M1–M4) terminated in resistor (2 k ), is essentially
an attenuator which also corrects amplitude variations be-
tween the comparator peak-positive and peak-negative output
voltages. This is very important since significant comparator
output offsets would affect the settling time and of
the AT differently for positive and negative values. The
second stage is the actual OTA-C integrator (operated in weak
inversion), and this consists of a CMOS OTA (M5–M11) uti-
lizing transconductance cancellation [21], and an integrating
capacitor (47.5 pF) which is connected across the low and
high impedance nodes and , respectively. The attenuation
provided by the first stage ensures that the input voltage to the
second-stage OTA is within its linear range of operation. The
second-stage OTA is biased to achieve a transconductance
of 6.9 nA/V given by , where
is the small-signal transconductance of M6 and M8, and is
the ratio of the transconductance of M6 to M5 (or M8 to M7).
Transistor M11 performs level-shifting of the output voltage
for interfacing with the third stage.

The third stage (M12 – M17) is another transconductance
stage converting the voltages across to the differential feed-
back currents and . The tail currents of the three inte-
grator stages are provided by the dc current sources , and

. The OTA-C stage, being lossy, has the following transfer
function:

(15)

where is the Laplace operator, and is the small-signal output
conductance seen into node . The integrator time-constant is

and is set by . Any possible dc offset voltages
across nodes and resulting from transistor mismatches may

Fig. 9. Output-stage amplifier circuit.

be externally corrected by adjusting the dc voltage level of
(e.g., by means of current injection). The dc voltage source
is the same as in Fig. 4 and the simulated dc gain of the
OTA-C stage is about 73. The integrator described here offers a
simpler implementation than the design in [22], both addressing
the same application.

F. Output-Stage Amplifier

The schematic of the output stage amplifier is shown in Fig. 9.
The second output branch from each variable-gain OTA (Fig. 5)
is hardwired to resistor (50 k ) where the two composite
currents and are summed up to form . Due to the correc-
tive action of the control stage, the two EMG components in
and are ideally of the same amplitude, and, being anti-phase,
when added are cancelled out. On the other hand, the ENG com-
ponents in and being in-phase, when added a voltage
is generated across which is further amplified. The ampli-
fier (M1–M9) in Fig. 9 is a standard two-stage op-amp config-
ured as a noninverting amplifier through the feedback resistive
network (90 k ) and (10 k ). The amplifier employs
zero-pole compensation realized by the series combination of
transistor M8 and capacitor (3.5 pF), and the circuit is biased
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Fig. 10. Chip microphotograph.

TABLE I
MOS TRANSISTOR DIMENSIONS

by the dc current source . The simulated open-loop gain of
the op-amp is 106 dB, and the input-referred r.m.s. noise cur-
rent of the complete trasimpedance stage is about 100 pA (band-
width of 1 Hz–15 kHz).

V. MEASURED RESULTS

The adaptive ENG amplifier chip, shown in Fig. 10, was fabri-
cated in the austriamicrosystems 0.8- m BiCMOS process [23]
which includes a high resistive layer. A second chip containing
the control stage configured as test structures was also fabri-
cated. The substrates of all transistors were connected to their
respective power supply rail (i.e., nMOS to and pMOS to

), and the dc bias current sources (150 A), (10 A),
(10 A), (2 A), (10 nA), (200 A), and

Fig. 11. Experimental setup.

Fig. 12. Frequency spectrum of the composite input signal. The spectrum of
the band-limited white noise signal representing the EMG resembles that of the
real EMG.

(50 A), in Figs. 4, 8, and 9, were realized by an on-chip bi-
asing circuitry (not described). Some of the key MOS transistor
dimensions are listed in Table I. In total, 40 chips were fabri-
cated (20 test structures and 20 complete systems); all showed
correct operation.

The input ac signals to the AT chip (DUT) were provided by
two audio transformers and (A262A7E) as illustrated in
Fig. 11. The ac voltage sources, and , generate
the EMG and ENG signals, respectively, resistors , , ,

, , and provide attenuation, and the variable resistor
also generates amplitude imbalance (modeling ) be-

tween the EMG terms of the two composite signals across nodes
ab and cb. Furthermore, resistors represent the electrode
resistances. Initially, the chips were tested with sinusoidal sig-
nals, (100 Hz) and (1 kHz), with nominal
peak amplitudes across nodes ab (and bc) in Fig. 11 of

mV and V, respectively. Subsequently, in order
to model a more realistic test, was replaced by an
arbitrary signal (generated from band-limited Gaussian noise)
with the frequency spectrum plotted in Fig. 12 (measured across
ac). The frequency content of this signal varies between 1 Hz
and 3 kHz, with a peak at approximately 250 Hz, which is the
case with the real EMG signal [6]. The was kept in
all measurements as a sinusoid with the characteristics men-
tioned above. In Fig. 12, the ENG magnitude ( 114 dB) is
buried under the spectrum floor of the random EMG signal.
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Fig. 13. System output for +20% imbalance. (a) Time-domain.
(b) Frequency-domain.

Fig. 14. System output for �40% imbalance. (a) Time-domain.
(b) Frequency-domain.

The time-domain tests were monitored on an Agilent 54835A
Infiniium™ oscilloscope, and the frequency-domain tests on a
Stanford Research Systems SR760 FFT spectrum analyzer.

Figs. 13 and 14 show the time-domain and frequency-domain
outputs of the AT (after settling) for 20% and 40% imbal-
ance, respectively. The spectra show that the is better
than 3 (9.54 dB) even for 40% imbalance. This should be com-
pared with a of 1/500 ( 54 dB). These results show the
superiority of the AT relative to any filtering technique because
its operation is not frequency related. The average for all
20 (complete) AT chips as a function of imbalance is plotted in
Fig. 15(a) (Matlab best linear-fit), where it can be seen that even
for extreme values of imbalance, the mean AT is better
than 2 (6 dB). The error bars in the plot indicate the spread of
values from all 20 chips. For comparison, Fig. 15(b) shows the
mean improvement over the theoretical TT and QT am-
plifier configurations as a function of imbalance (for the TT the
input amplifiers were assumed to be matched, and for the QT
the electrode impedance values listed in the caption of Fig. 1

Fig. 15. (a) Mean AT SIR versus (absolute) imbalance for all 20 chips.
(b) SIR improvement over the ideal TT and QT counterparts versus
(absolute) imbalance.

Fig. 16. Settling time of feedback current I (t) for abrupt changes in
imbalance.

were assumed). From the plot, it is apparent that the AT sig-
nificantly outperforms both counterparts in the presence of im-
balance. Fig. 16 shows the settling time of the feedback current

in Fig. 3 for abrupt step-like changes in imbalance. The
imbalance was changed successively between 32.5%, 5.5%,

25%, and 34%. The corresponding settling time (to 1%) is
about 20 ms per percent change in .

Finally, in order to test the sensitivity of the AT architecture to
phase variations, phase shifts were introduced between the two
input EMG terms to the system (the additional test structure chip
was used for this test). Fig. 17 shows the as a function
of phase shift for both measured and theoretical cases, the latter
calculated from (9) and for 40% imbalance. The two graphs
show excellent agreement, but for phase values near the origin,
the theoretical tends to infinity, which would never be
the case for a practical realization. Saline-bath testing of the AT
chip (not described here) also confirmed its high performance.
The main design features of the AT chip are summarized in
Table II.
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Fig. 17. Sensitivity of AT SIR to phase shifts.

TABLE II
SUMMARY OF PERFORMANCE

VI. CONCLUSION

The design of an adaptive ENG amplifier for interface
to tripolar cuff electrodes has been described. The adaptive
ENG amplifier offers a fully implantable solution to the
problem of cuff imbalance, thereby significantly advancing
the state-of-the-art in the field. The described realization over-
comes many of the limitations of a previous design in terms
of reliability, cuff imbalance correction range, output SIR and
output signal distortion. The operation of the circuit has been
thoroughly verified by tests on 40 fabricated chip samples,
all exhibiting correct behavior. Although the described adap-
tive ENG amplifier has been developed for a next-generation
bladder implant, it can also be seen as a generic high-perfor-
mance ENG amplifier for any functional electrical stimulation
application employing tripolar nerve cuff electrodes.
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